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ABSTRACT
Methylation of 3′-terminal nucleotides of
miRNA/miRNA* is part of miRNAs biogenesis
in plants but is not found in animals. In Arabidopsis
thaliana this reaction is carried out by a multidomain
AdoMet-dependent 2′-O-methyltransferase HEN1.
Using deletion and structure-guided mutational anal-
ysis, we show that the double-stranded RNA-binding
domains R1 and R2 of HEN1 make significant but
uneven contributions to substrate RNA binding,
and map residues in each domain responsible for
this function. Using GST pull-down assays and
yeast two-hybrid analysis we demonstrate direct
HEN1 interactions, mediated by its FK506-binding
protein-like domain and R2 domain, with the mi-
croRNA biogenesis protein HYL1. Furthermore, we
find that HEN1 forms a complex with DICER-LIKE 1
(DCL1) ribonuclease, another key protein involved
in miRNA biogenesis machinery. In contrast, no
direct interaction is detectable between HEN1 and
SERRATE. On the basis of these findings, we pro-
pose a mechanism of plant miRNA maturation which
involves binding of the HEN1 methyltransferase
to the DCL1•HYL1•miRNA complex excluding the
SERRATE protein.
INTRODUCTION
MicroRNAs (miRNAs) are small 20–24 nucleotide RNAs
involved in post-transcriptional regulation of gene expres-
sion in higher eukaryotes. The majority of proteins respon-
sible for biogenesis of active microRNAs are strongly con-
served between animals and plants; however, the matura-
tion pathway has specific features in each kingdom (1).
In animals, long primary miRNAs are successively cleaved
by Drosha and Dicer ribonucleases to yield small ∼22 nt
miRNA/miRNA* duplexes bearing 3′-dinucleotide over-
hangs. In contrast, a single DICER-LIKE 1 (DCL1) ri-
bonuclease performs the cleavage of both arms of the
predecessor stem-loop RNA in plant cells (2). The exci-
sion of proper miRNA duplexes involves physical interac-
tion with additional RNA-binding partners, such as the
zinc finger protein SERRATE (SE, a homolog of ani-
mal ARS2) and the double-stranded RNA-binding pro-
tein HYL1, also known as DRB1, a homolog of animal
RDE-4 and R2D2 (3–6), in nuclear dicing or D-bodies (7–
9) where they form a plant miRNA processing complex,
called microprocessor (10). In contrast to animals, nearly
all plantmiRNA/miRNA* duplexes aremethylated at their
3′-termini by the small RNA 2′-O-methyltransferase HEN1
(11–14), which protects them fromHESO1-mediated 3′-end
uridylation and subsequent degradation (15–17). Finally,
the plant miRNA/miRNA*s are sorted and the majority of
them loaded to effector protein ARGONAUTE 1 (AGO1),
the catalytic component of a RNA-induced silencing com-
plex (RISC), where a miRNA* passenger strand is selec-
tively degraded (18,19). Since the asymmetric assembly of
guide miRNA into RISC is abolished in a hyl1 mutant, the
HYL1 protein presumably aids the correct strand selection
from the duplex (10,20). However, it is not clear howHYL1
guides the miRNA/miRNA* duplex for the selective cleav-
age of its passenger strand by ARGONAUTE and what
role, if any, in this process is played by the HEN1-mediated
modification.
The HEN1 methyltransferase catalyzes the transfer of a
methyl group from the cofactor S-adenosyl-L-methionine
(AdoMet) onto the 2′-hydroxyl of the 3′-terminal nu-
cleotide of small RNAs such as miRNA/miRNA* and
siRNA/siRNA* (21,22). The X-ray crystallographic
study of the ternary complex with double-stranded
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miRNA/miRNA* and cofactor product S-adenosyl-L-
homocysteine (AdoHcy) revealed five structural domains
of Arabidopsis HEN1 (23). The N-terminal part of 2′-
O-methyltransferase harboring two double-stranded
RNA-binding domains (dsRBDs) R1 and R2, as well as
a La-motif-containing domain, L, is thought to be re-
sponsible for binding and sizing of the target RNA strand
(Figure 1A). These domains cooperate to bind the central
part and the non-target end of dsRNA and assist in proper
positioning of the bound duplex in the C-terminal catalytic
domain. However, the roles of the second RNA-binding
motif R2 and the central region of HEN1, homologous to
FK506-binding proteins, still remain obscure (23).
Here, we performed a series of mapping experiments to
further dissect the roles of the individual domains of the
HEN1 methyltransferase. Functional characterization of
the dsRBDs provided evidence for their significant, but un-
equal contribution to HEN1 interactions with the RNA
substrate, and revealed a principal role of the FK506-
binding protein-like domain of previously unknown func-
tion in binding the HYL1 protein. We also examined the
interactions of HEN1 with three proteins that form a plant
miRNA processing complex predicted by Manavella et al.
(10). We found that HEN1 physically interacts with the
double-stranded RNA-binding protein HYL1 (DRB1) and
DCL1 protein, but shows no interaction with either SER-
RATE or SE-core protein. Based on these findings, we pro-
pose a new mechanism of plant miRNA maturation which
envisions binding of the HEN1 methyltransferase to the
DCL1•HYL1•miRNA complex excluding the SERRATE
protein.
MATERIALS AND METHODS
Construction of plasmids and purification of recombinant
proteins
Detailed procedures regarding construction of plasmids, ex-
pression and purification of recombinant proteins used in
this study as well as HEN1 and its derivatives activity assays
are described in Supplementary materials and methods.
Electrophoretic mobility shift assay
The equilibrium dissociation (Kd) and dissociation rate
(koff) constants of the binary (protein•dsRNA) and ternary
(protein•dsRNA•AdoHcy) complexes of HEN1 or its
variants were determined as previously described (22). The
electrophoretic mobility shift assay (EMSA) experiments
with HYL1 and its mutants were performed with minor
modifications. In 20 l reaction volumes containing 10 mM
Tris–HCl (pH 7.4), 50 mM NaCl, 0.1 mg/ml bovine serum
albumin (BSA), 5% (v/v) glycerol and 0.05 u/l RiboLock
(Thermo Scientific), 45 nM 32P-labeled siR173/siR173*
(siR173 5′-UUAACGCUUGCAGAGAGAAUCAC-3′,
siR173* 5′-GAUUCUCUCUGCAAGCGUUAAAG-
3′) or miR173/miR173* (miR173 5′-
UUCGCUUGCAGAGAGAAAUCAC-3′, miR173*
5′-GAUUCUCUGUGUAAGCGAAAG-3′) were incu-
bated with 0.01–1 M purified recombinant proteins for
20 min at 25◦C. If the dissociation rate of the complex
was analyzed, 45 nM 32P-labeled siR173/siR173* was
incubated with 250 nM HYL1 for 20 min at 25◦C, then
diluted with 2.5 M of identical unlabeled RNA and left
to equilibrate for 0–45 min. In EMSA experiments, where
protein•RNA complexes were titrated with increasing
concentration of the second protein, initial complexes were
formed by mixing 45 nM 32P-labeled siR173/siR173* with
94 nM HYL1 or 1 M HEN1 for 10 min at 25◦C. After
addition of 0.03–1 M HEN1 or 0.05–0.9 M HYL1
incubation continued for 20 min. The products of binding
and titration reactions were electrophoresed on a 6% native
polyacrylamide gel (19:1 acrylamide/bisacrylamide) in
0.5× Tris-borate buffer and autoradiographed. Fractions
of bound and free RNA were evaluated using Multi Gauge
v.3.0 software (Fujifilm) and the Kd values were obtained
using the GraFit software version 5 (Erithacus Software)
by fitting single site saturation curve to experimental data.
RNAmethylation assay using the periodate oxidationmethod
Methylation activity of HEN1 and its mutants with un-
labeled AdoMet were studied by the periodate oxida-
tion method (24). Methyltransferases reactions were car-
ried out with a 1 M enzyme, 100 M AdoMet and
0.1 M miR173/miR173*, of which one strand was 5′-
phosphorylated using [ -33P]ATP (PerkinElmer). The re-
action products were treated with sodium periodate, pre-
heated with an equal volume of denaturing 2×RNALoad-
ing Dye (Thermo Scientific), resolved on 15% polyacry-
lamide gel electrophoresis (PAGE) with 7 M urea and ana-
lyzed using FLA-5100 Image Readerand MultiGauge v.3.0
software package (Fujifilm).
Pre-steady-state kinetics analysis of HEN1 and its variants
The methyl group transfer under [E]>[S] conditions was
studied using 33P-labeledmiR173/miR173*. Reaction com-
ponent (A), 0.2 M RNA and 0.5 M HEN1 or its mu-
tant in Reaction buffer [10 mM Tris–HCl (pH 7.5), 50 mM
NaCl, 10 mM KCl and 0.1 mg/ml BSA] was mixed by a
Rapid Chemical Quench-Flow appliance RQF-3 (KinTek)
with component (B), containing 200 M AdoMet in the
same buffer. The final concentrations of RNA, protein and
AdoMet after combining equal volumes (15 l of each)
of components A and B were 0.1, 0.25 and 100 M, re-
spectively. Proteinase K in Stop buffer [7 mM Tris–HCl
(pH 7.4), 0.17 mM ethylenediaminetetraacetic acid, 3 mM
NaCl and 0.5% sodium dodecyl sulfate (SDS)] was added
to a final concentration of 0.4 mg/ml to stop the reaction
after certain period of incubation at 37◦C. Sodium perio-
date treated samples were processed and analyzed as de-
scribed above (RNAmethylation assay using periodate oxi-
dation method). Kinetic parameters of guide and passenger
strands of RNA duplex were obtained by fitting experimen-
tal data to a single- or two-exponential equation using the
GraFit5 software (Erithacus Software).
Detection of protein–protein interactions via the yeast two-
hybrid system
Two-hybrid assays were carried out using the DupLEX-
A system (OriGene Technologies, Rockville, MD, USA).
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Figure 1. Functional analysis of HEN1 domains. (A) Representation of domains on the structure of HEN1 in complex with the miR173/miR173* duplex
(red) andAdoHcy (black) (23). (B) Schematic view of theHEN1 deletion variants. RNAbindingwas assessed in vitro byEMSAusing themiR173/miR173*
substrate; methyl transfer activity was studied by monitoring incorporation of [3H]-methyl groups from labeled AdoMet into miR173/miR173*. R1 and
R2 (blue and purple, correspondingly): double-stranded RNA-binding domains; L (yellow): La-motif-containing domain; F (orange): FK506-binding
protein-like domain; M (green): methyltransferase domain. (C) Positions of HEN1 mutations.
A yeast strain EGY48 holding a LexA operon–LEU2 re-
porter was transformed with the reporter plasmid pSH18–
34 containing the GAL1-lacZ gene under the control of
eight LexA operators. EGY48 carrying pSH18–34 was co-
transformed with the appropriate combination of ‘bait’ and
‘prey’ plasmids, respectively, pEG202-NLS (binding do-
main, BD) and pJG4–5 (activation domain, AD) fusion
plasmids. Only bait plasmids, which passed recommended
control tests (the auto-activation tests and the repression as-
say), were used. The transformation reactions were spread
on YNB (glu)-his-ura-trp plates, which were incubated at
30◦C 2–3 days until colonies appeared. From each inter-
action four independent colonies were streaked onto fresh
YNB (glu)-his-ura-trp plates and incubated at 30◦C for 2
days. Cells of each streak were suspended in 100 l of ster-
ile water and 2.5 l of each cell suspension was spotted
on 5-bromo-4-chloro-3-indolyl--D-galactopyranoside (X-
Gal) containing YNB (glu)-his-ura-trp, YNB (glu)-his-ura-
trp-leu, YNB (gal)-his-ura-trp and YNB (gal)-his-ura-trp-
leu plates to screen for expression of LEU2 and lacZ re-
porters. The plates were then incubated at 30◦C for 3–4 days.
GST pull-down experiments
One micromolar of glutathione S-transferase (GST) or
GST-fused proteins were incubated with 2 M of His-
tagged proteins in the Binding buffer containing 10 mM
Tris–HCl (pH 7.4), 50 mM NaCl, 5% (v/v) glycerol, 0.1%
(v/v) Triton X-100 and 0.1 mM dithiothreitol (DTT) for
20 min at 22◦C. The preformed protein complexes were
added to 15 l of Glutathione Sepharose 4B resin (GE
Healthcare) prepared according to the manufacturer’s rec-
ommendations and incubated for 2 h at room temperature
with constant agitation. Reaction mixtures were washed
three times with Binding buffer. Glutathione Sepharose
4B bound proteins were eluted by heating for 5 min at
95◦C in reducing SDS-PAGE sample buffer, resolved on
SDS-PAGE and transferred onto Hybond ECL nitrocel-
lulose membrane (GE Healthcare) with Protein transfer
buffer [5 mM Tris–HCl (pH 8.3), 192 mM glycine and
15% (v/v) methanol] at 100 V for 2 h in the cold room.
Membranes were blocked with 3% BSA in PBS-T [80 mM
Na2HPO4, 20 mM NaH2PO4 (pH 7.4), 0.1 M NaCl and
0.1% (v/v) Tween-20] for 1 h at room temperature and
washed two times with PBS-T. Membranes were incubated
with primary anti-GST (GE Healthcare) (1:4000) or tetra-
His (Qiagen) (1:4000) antibodies overnight at 4◦C, washed
three times with PBS-T and incubated with horseradish
peroxidase-conjugated secondary antibodies for 2 h at room
temperature. After three washes with PBS-T and two with
phosphate buffered saline (PBS), proteins signals were de-
tected using 3,3′,5,5′-tetramethylbenzidine liquid substrate
system (Sigma-Aldrich) or ECL western blotting detection
reagents (GE Healthcare).
RESULTS
Functional differences of HEN1 double-stranded RNA-
binding domains
Protein crystallography and bioinformatics studies iden-
tified five structural domains (R1, L, R2, F and M in
Figure 1A) in the small RNA methyltransferase HEN1
(23,25). To determine the exact roles of the individual do-
mains in catalysis and interactions with RNA substrates,
we constructed a series of truncated HEN1 variants (Fig-
ure 1B). We first looked at their involvement in RNA
binding and catalysis by using EMSAs and methylation
activity/kinetic experiments. We found that HEN1 variants
withN-terminal deletions showed no detectable RNAbind-
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Figure 2. Distinct contributions of the double-stranded RNA-binding domains R1 and R2 to miRNA/miRNA* binding. Left, the RNA-binding capacity
of the truncated and mutation variants of HEN1 was assessed by EMSA using 0.25 M protein and 0.05 M miR173/miR173* duplex. Right, amino
acid residues selected for mutagenesis in the dsRNA-binding domains R1 (blue) and R2 (purple).
Figure 3. Interaction of the HEN1-RHK389,397,477AAAmutant with miR173/miR173* and siR173/siR173* substrates. (A) Native PAA gel EMSAs of
0.25 MHEN1 or 7 MHEN1-RHK389,397,477AAA binding to 0.05 Munmethylated miR173/miR173*, fully methylated miR173CH3/miR173*CH3
and siR173/siR173* RNA duplexes in the absence (−) and presence (+) of 100 M AdoHcy. wt: wild-type HEN1; RHK: mutant HEN1-
RHK389,397,477AAA. (B), (C) Comparison of proteins’ affinity toward different RNA substrates. HEN1 (©) and mutant HEN1-RHK389,397,477AAA
(•) mixed with 50 pM miR173/miR173* (B) or siR173/siR173* (C) RNA was incubated without (the left diagram) or with (the right diagram) 100
M AdoHcy. Fits to a single-site saturation equation are shown as solid lines. (D), (E) Dissociation analysis of HEN1 (©) and its mutant HEN1-
RHK389,397,477AAA (•) binary HEN1•RNA (the diagram at the left) and ternary HEN1•RNA•AdoHcy (the diagram at the right) complexes with
miR173/miR173* (D) and siR173/siR173* (E) duplexes. Full-length HEN1 (0.25 M) or mutant (7 M) were incubated for 30 min with 0.15 nM 32P-
labeled RNA duplexes in the absence of the cofactor or in the presence of 100 MAdoHcy. A 13 000-fold excess of competitor unlabeled RNA substrate
was added and aliquots were withdrawn at specified time points for immediate analysis by EMSA. Decay time courses of the binary and ternary complexes
along with single-exponential fits (dotted lines) or two-exponential fits (solid lines) are shown.
ing (Figure 2) whereas the wild-type protein assembled into
a complex with miR173/miR173* RNA. Thus, similarly
to the previously characterized catalytic domain HEN1-M
(13,22), HEN1-LR2FM does not form a stable complex
with the substrate (Figure 2) although is able to completely
modify both RNA strands in vitro (Supplementary Figure
S1A). On the other hand, the short N-terminal constructs
encompassing the R1 domain (R1 or R1L) led to the forma-
tion of highly immobile protein•RNA complexes (retained
in gel wells) (Figure 2); bound RNA was released after pro-
teolysis with Proteinase K (data not shown) suggesting that
the truncated proteins aggregated with the bound substrate
during electrophoresis.
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Figure 4. HEN1 interacts with HYL1 in vitro and in vivo. (A) Titration of
RNA•HYL1 with HEN1 reveals a high molecular weight complex. Vary-
ing amount of HEN1 (from 0.03 to 1 M) was added to the RNA•HYL1
complex, formed after preincubation of 94 nM of protein with 45 nM of
siR173/siR173*. (+) and (−) indicates presence and absence of particu-
lar proteins. (B) Validation of the interaction between HEN1 and HYL1
using a two-hybrid assay. Full-length cDNA of HEN1 and HYL1 were
fused to the DNA encoding the LexA DNA-binding domain (BD) and
B42 transcriptional activation domain (AD), respectively. Four indepen-
dent co-transformants in yeast strain EGY48 were screened for the lacZ
and Leu reporter genes on plates containing selective X-Gal medium in the
absence (Gal/–Leu) or with leucine (Gal/+Leu). (C) Analysis of protein–
protein interaction among HYL1 and HEN1 domains by GST pull-down
assay. The experiments were performed using 68 pmol of GST or GST-
fused HYL1 (GST-HYL1) and 136 pmol of His-tagged HEN1 proteins.
The pull-down fractions were analyzed by protein blotting with anti-His
antibodies. Presence of GST-HYL1 and GST proteins in pull-down sam-
ples was confirmed by western blot with anti-GST antibodies. The input
fractions represent 20% of the total amount of His-tagged proteins used
in pull-down assays. Schemes of truncated HEN1 proteins are depicted
in Figure 1. HEN1-mut and FM-mut: the full-length HEN1 and trun-
cated protein composed of HEN1 F (FK506-binding protein-like) and M
(methyltransferase) domains, respectively, which have three hydrophobic
residues V543, L544 and V550 changed to alanine.
To further delineate the binding capacity of the R1 do-
main towardmiRNA,we performed a structure-guidedmu-
tational analysis of the N-terminal domain. We selected ly-
sine residues K68, K69, K70 and K71 which, according to
the X-ray structure, are potentially involved in substrate
interaction (23) and are conserved in plant HEN1 homo-
logues. Two mutant variants, KK69–70AA and KKKK68–
71SAAS, were produced and examined. Both mutants
proved to be deficient in RNA binding (Figure 2), con-
firming that the key interactions with dsRNA occur at the
N-terminal double-stranded RNA-binding domain. Yet, in
the context of a large number of inferred contacts from
different HEN1 domains to the RNA (23) such a dra-
matic impact of only two residues was quite unexpected.
In contrast, a control mutant (K22A), in which lysine-22
was replaced with alanine, exhibited normal affinity toward
miR173/miR173*.
Similarly to the wild-type enzyme, HEN1-LR2FM and
the full-length proteins with mutations in the R1 do-
main, KK69–70AA and KKKK68–71SAAS, were able
to methylate both strands of the miR173/miR173* du-
plex (Supplementary Figure S1A). Moreover, multiple-
turnover rate kobs of the HEN1-LR2FM protein un-
der steady-state conditions was commensurable and ac-
counted for approximately half that of the WT enzyme,
1.1 versus 2.7 per min correspondingly. Quantitative com-
parison of the methyl transfer activities toward individ-
ual strands of miR173/miR173* duplex was done under
single-turnover ([E]>[S]) conditions using 100 M concen-
tration of S-adenosyl-L-methionine. The HEN1-LR2FM-
driven rates of methyl transfer to individual strands of
miR173/miR173* decreased 2.5–35-fold, kchemmiR173 = 1.8
± 0.1 versus 4.5 ± 0.2 and kchemmiR173* = 1.0 ± 0.1 ver-
sus 35 ± 3, compared with full-length protein under the
same conditions (this paper and (22)). Our data show that
the removal of the N-terminal dsRBD1 domain leads to a
slight and asymmetric reduction in the methylation activ-
ity of HEN1 (Supplementary Figure S1C). Altogether our
data imply that the N-terminal dsRBD R1 is essential for
substrate binding but is not critical for catalysis.
A peculiarity of the Arabidopsis HEN1 R1 and R2 do-
mains as compared to typical dsRBDs is a 15–40 residue in-
sertion between -strands 1 and 2 (Supplementary Fig-
ure S2A) (23). Similar insertions are found in other plant
small RNAmethyltransferases suggesting their significance
for protein function. The insertion loop in the R2 domain
is disordered in crystal structure (23) precluding a sensible
prediction of its possible functional role. In contrast, the
shorter loop in domain R1 appears to be responsible for
making direct contacts to the C-terminal methyltransferase
domainM and thus possibly participates in communication
between the R1 and M subunits which have to act in con-
cert to achieve RNA modification. To examine the impor-
tance of this insertion for HEN1 function, we generated a
deletion mutant variant lacking residues 38–45 which are
located at the tip of the loop (Supplementary Figure S2B).
Detailed kinetic studies of the mutant protein HEN138–
45 revealed that the deletion does not affect affinity to-
ward RNA or methylation activity:Kd values of binary and
ternary complexes or the methyl group transfer rate kchem
are indistinguishable from the wild-type protein (Table 1
and Supplementary Table S1). However, unlike the wild-
type methyltransferase, which formed well-defined com-
plexes with RNA in gels, HEN138–45 formed smeared
bands, especially with the fully methylated substrate, pre-
sumably due to partial release of the bound RNA during
analysis (Supplementary Figure S3A). A detailed analysis
of the dissociation kinetics of the binary HEN1•RNA com-
plexes with unmethylated miR173/miR173* confirmed a
destabilizing effect of the deletion (Supplementary Figure
S3B, Table 2). A more substantial loss in the decay rate was
seen using the fully methylated substrate, which represents
a final reaction product (Supplementary Figure S3C). The
binary complex completely disintegrated before the first ex-
perimental time point of 10 min, and even AdoHcy supple-
ment barely increased the overall durability of HEN138–
45•miR173CH3/miR173*CH3•AdoHcy complex (Table 2).
Altogether, our experiments revealed that the insertion in
the R1 domain plays no important role in RNA recognition
or methyl group transfer, but it is essential for stabilization
of the ternary complex after the methylation reaction.
To understand the importance of the second dsRBD
for substrate binding, we examined the ability of iso-
lated R2 domain to associate with miR173/miR173* by
EMSA. In contrast to domain R1, the sole R2 formed
no stable complexes with RNA (Figure 2). To fur-
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Table 1. Interaction of HEN1 and its mutants with RNA duplexes
RNA duplex Binary HEN1•RNA Kd value (M×10−10) Ternary HEN1•RNA•AdoHcy Kd value (M×10−10)
wt 38–45 RHK389,397,477AAA wt 38–45 RHK389,397,477AAA
Unmethylated
miR173/miR173*
4.3 ± 0.5 7.9 ± 0.5 3020 ± 290 3.2 ± 0.3 3.2 ± 0.4 650 ± 120
Fully methylated
miR173CH3/miR173*CH3
72 ± 1 21 ± 1 Complex was not identified 18 ± 2 10 ± 1 Complex was not identified
Unmethylated
siR173/siR173*
5.0 ± 0.5 2930 ± 270 2.1 ± 0.4 680 ± 170
Reaction mixtures of ternary complexes contained 100 M AdoHcy. wt denotes full-length HEN1 and 38–45, RHK389,397,477AAA denote mutant methyltransferases
HEN138–45, HEN1-RHK389,397,477AAA, respectively. Binding constants were obtained by fitting the data of 3–9 experiments with a single-exponential equation.
Table 2. Dissociation kinetics of complexes of RNA duplexes with HEN1 variants
RNA duplex Binary HEN1•RNA koff value (per min × 10−3 amplitude) Ternary HEN1•RNA•AdoHcy koff value (per min × 10−3)
wt 38–45 RHK389,397,477AAA wt 38–45 RHK389,397,477AAA
Unmethylated
miR173/miR173*
4.8 ± 0.2 (67%) 5.2 ± 0.4 (44%) 1.8 ± 0.2 (44%) 2.0 ± 0.1 4.1 ± 0.1 (84%) 2.1 ± 0.2 (76%)
87 ± 14 (33%) >> 70 (56%)a >> 70 (56%)a >> 70 (16%)a >> 70 (24%)a
Fully methylated
miR173CH3/miR173*CH3
11.6 ± 0.4 (26%) >> 70a 4.3 ± 0.2 14 ± 2 (11%)
>> 70 (74%)a >> 70 (89%)a
Unmethylated
siR173/siR173*
3.1 ± 0.2 (75%) 7.1 ± 0.3 (53%) 1.3 ± 0.1 2.1 ± 0.1 (83%)
45 ± 15 (25%) >> 70 (47%)a >> 70 (17%)a
aEntire or major part of complex decays during 10 min.
Reaction mixtures of ternary complexes contained 100 MAdoHcy. Abbreviations for proteins are given in Table 1. Binary and ternary complex decay data sets were fitted using
a single- or two-exponential decay models. The amplitude of the dissociation rate is expressed as a percentage of the total amplitude. Results are means of 3–10 experiments ±
S.D.
ther seek possible roles for R2, three positively charged
amino acids R389, H397 and K477, which could po-
tentially form hydrogen bonds/salt bridges with the
bound RNA, were changed to Ala. The triple ala-
nine mutant was indistinguishable from the wild-type
HEN1 in catalytic activity assays (Supplementary Fig-
ure S1B) as well as in kinetic parameters (Supplemen-
tary Table S1). Although HEN1-RHK389,397,477AAA
was capable of RNA binding as assayed by EMSA
(Figure 2), detailed analysis revealed that the mutations
had a considerable effect on the stability of the binary
HEN1•RNA and ternary HEN1•RNA•AdoHcy com-
plexes (Figure 3D and E, Table 2). No significant dif-
ference in HEN1-RHK389,397,477AAA binding to com-
pletely complementary siR173/siR173* or partially un-
paired miR173/miR173* was observed (Figure 3B and C,
Table 1). In contrast, the triple mutations abolished the
HEN1 ability to associate with the fully methylated sub-
strate miR173CH3/miR173*CH3 (Figure 3A). Since only the
M domain interacts directly with the target nucleotide, this
result implicates the R2 domain in governing substrate as-
sociation with the M domain.
Overall, the performed functional analysis revealed un-
even roles of the R1 and R2 dsRBDs. R1 is a key factor for
tight binding of small RNA duplexes, while R2 domain, in
cooperation with M domain, further enhances the stability
of the HEN1•miRNA/miRNA* complex.
HEN1 methyltransferase and double-stranded RNA-binding
protein HYL1 interact physically
Available data suggest that domains R1, L, R2 and M col-
lectively control key steps of the methyltransferase activ-
ity, namely, RNA binding, sizing of the target strand and
methyl group transfer (13,23). However, the function of
the F domain, the only HEN1 domain pointing away from
the bound RNA, remained unknown. Therefore, the cen-
tral part of HEN1 may be suspected to play a role in non-
enzymatic processes such as interaction with other pro-
teins involved in plant miRNA biogenesis. As the double-
stranded RNA-binding protein HYL1 affects the strand se-
lection in RISC, the process following miRNA/miRNA*
methylation (10,20), we hypothesized that HYL1 might
be a partner of HEN1. We first carried out EMSAs of
HYL1 with miR173/miR173* and siR173/siR173* and
found that HYL1 binds both types of double-stranded
small RNAs with fairly similar affinity (Supplementary
Figure S4). Consistent with previous findings by Yang
et al. (26), initially HYL1 binds RNA as a monomer, but
dimerizes as the protein concentration increases, result-
ing in a higher molecular mass complex. Upon titration
of monomeric HYL1•siR173/siR173*complex (formed by
using fixed 94 nM concentration of protein and 45 nM
of RNA duplex) with increasing amounts of HEN1, 33P-
labeled RNA bands were shifted up (Figure 4A). The
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band showed a lower mobility than the HYL1•RNA or
HEN1•RNA structures, likely reflecting the formation of a
ternary HEN1•RNA•HYL1 complex. As expected, recip-
rocal titration of HEN1•RNA with HYL1 also showed the
appearance of a lower-mobility complex in a gel (Supple-
mentary Figure S5).
To reliably confirm the occurrence of specific interac-
tion between the proteins in vivo, the yeast LexA two-
hybrid system was exploited. The Arabidopsis HEN1 in-
frame fused to the LexA DNA-binding domain (HEN1-
BD) was used as prey to test for interaction with HYL1
fused with the LexA activation domain (HYL1-AD) in the
strain EGY48[p8op-lacZ] containing LEU2 and lacZ re-
porters with upstream LexA operators. As shown in Fig-
ure 4B, the yeast cells co-expressing both chimeric genes
were able to grow on medium without leucine supplement
and developed a blue color in the presence of X-Gal, reflect-
ing activation of the LEU2 and lacZ genes mediated by the
bait–prey interactions. This in vivo result provides firm ev-
idence that HEN1 is a binding partner of the HYL1. The
specificity of the observed protein–protein interaction was
controlled using self-activation tests with yeast cells carry-
ing either HEN1-BD or HYL1-AD (Figure 4B).
Finally, to demonstrate a direct physical protein–protein
interaction, a HYL1 fusion protein with GST was prepared
and used as a bait for GST pull-down assays with immo-
bilized reduced glutathione. The presence of captured His6-
taggedHEN1was observed using anti-His antibodies. Data
presented in Figure 4C revealed efficient pull-down of the
full-length HEN1 by the GST-HYL1 protein. At the same
time the binding of HEN1 to GST alone was not observed
excluding the possibility of non-specific HEN1–wt interac-
tions with either GST or Glutathione Sepharose 4B. Thus
the in vitro GST pull-down assays confirmed the in vivo re-
sults of the yeast two-hybrid analyses. Notably, addition of
miR173/miR73* did not affect the strength of the HEN1–
wt signal in a pull-down sample (data not shown) indicating
that the presence of the small RNA duplex is not essential
for the HEN1•HYL1 interaction.
To delineate individual domains involved in this inter-
action, the GST-HYL1 pull-down experiments were per-
formed with the truncated variants of HEN1. The strongest
histidine signal was observed with the deletion derivatives
HEN1-F and HEN1-FM possessing the FK506-binding
protein-like domain (Figure 4C).However, domainMalone
did not co-purify with HYL1 disproving any role for the
C-terminal part of HEN1 in HYL1 binding. On the other
hand, the HEN1-R1LR2 derivative (residues 1–519) lack-
ing the F and M domains showed a clear co-precipitation
signal suggesting that the N-terminal part of HEN1 may
also contribute to the binding. To further refine the N-
terminal interacting regions of HEN1, we examined in-
dividual dsRBDs, R1 and R2, as well as the La-motif-
containing domain, L. Since onlyminor amounts ofHEN1-
L were extracted by GST-HYL1, we conclude that the
tight interaction is unlikely to result from the La-motif-
containing domain. Unfortunately, the HEN1 variants rep-
resenting sole R1 or R2 domains were highly prone to ag-
gregation (were present in the glutathione sepharose pellet
even in samples without GST, data not shown). To circum-
vent this limitation, the NusA protein, which is known to
enhance solubility and stability of heterologous proteins in
Escherichia coli, was fused to the N-terminus of the target
domains. Although this approach was unsuccessful for R2
(data not shown), the non-specific signal in the controls was
eliminated in the case of R1 (Supplementary Figure S6).
However, the pull-down experiments showed no appear-
ance of R1 in GST-HYL1 fractions. Taking into account
that the contribution of R1 and L domains to the binding
is negligible, it could be indirectly assumed that the major
determinant of the observedHEN1-R1LR2•HYL1 interac-
tion is R2. Altogether, our analysis suggests that HYL1 ex-
tensively recognizes the central part of HEN1, containing
R2 and F domains.
To define regions of the F domain that mediate its inter-
action with HYL1, we performed a structure-guided muta-
tional analysis. In general, sites of protein–protein interac-
tion often correspond to disordered protein regions which
become structured upon complex formation (27,28). There-
fore, we considered two disordered loops of the F domain
in the HEN1 crystal structure (Supplementary Figure S7)
as potential candidates for the HYL1-binding role. The
shorter loop (residues 540–553) links fairly distant struc-
tural regions and its removal or even shortening could thus
substantially alter the overall structure of the F domain. In
contrast, the longer loop (residues 570–601) connects adja-
cent -strands and its shortening would be expected to be
harmless for the structural integrity of the domain. Based
on these considerations, we constructed mutants either by
introducing residue substitutions within the shorter loop or
by deleting the longer loop. The deletion of residues 573–
594 of the long loop had no detectable effect on the protein–
protein interaction (Supplementary Figure S7, lane mut2).
In contrast, a triple substitution VLV543–544,550AAA in
the short disordered region significantly reduced binding of
HEN1-FM to HYL1 (Figure 4C, lane FM-mut). Moreover,
introduction of the same mutations into the full-length pro-
tein significantly reduced the amount of the GST-HYL1-
bound HEN1, supporting the principal role of the F do-
main in the HEN1•HYL1 complex formation (Figure 4C,
lane HEN1-mut). Importantly, the methyl group transfer
experiments with miR173/miR173* RNA confirmed that
the loop mutants retained complete wild-type methylation
capacity (data not shown) consistent with our observed
dispensability of the F domain for catalytic activity (Fig-
ure 1B).
dsRNA-binding domain R2 of HYL1 directly binds F domain
of HEN1
HYL1 consists of two dsRNA-binding domains, nuclear
localization signal and a long C-terminal extension of un-
known function (Figure 5A). To identify which part of the
protein binds toHEN1,we produced three truncatedHYL1
variants containing individual dsRBDs (R1 and R2) each in
separate proteins or both combined in a single protein for
reciprocal GST pull-down assays. As shown in Figure 5A,
R1 did not interact with HEN1, although it was function-
ally active and capable of RNA binding in the EMSA anal-
ysis (Supplementary Figure S8). In contrast, R2 alone or
the tandemR1R2 protein bound both the full-length HEN1
and HEN1-F proteins, indicating that HYL1 interacts with
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Figure 5. HYL1 interacts with HEN1 via its second dsRNA-binding domain R2. (A) GST pull-down assays indicating HEN1 binds to HYL1-R1R2 and
R2 but not to HYL1-R1. On the right schematic representation of full-length HYL1 and shorter proteins of separate domains is given. R1 and R2: double-
stranded RNA-binding domains, NLS: nuclear localization signal. (B) Two-hybrid interaction between FK506-binding protein-like domain HEN1-F and
the second dsRNA-binding domain HYL1-R2. All experiments were performed as described in Figure 4.
the FK506-binding protein-like domain of HEN1 via the
R2 domain. It is known that this non-canonical dsRBDalso
participates in protein–protein interactions with other pro-
teins involved in miRNA biogenesis (5,31). Interestingly,
the triple alanine mutation VLV543–544,550AAA signifi-
cantly reduced the affinity of HEN1-FM for GST-HYL1-
R2 suggesting the importance of hydrophobic interactions
mediated by these residues for R2 domain binding. HEN1-
R1LR2 interacts with HYL1-R2 but not HYL1-R1 (data
not shown), indicating that the HYL1•HEN1 interaction
is largely mediated by R2 of HYL1. Direct contacts of the
HEN1-F domain with the second double-stranded RNA
domain of HYL1 was further confirmed by yeast two-
hybrid analysis (Figure 5B). It should be noted that we re-
versed the components of two-hybrid systems as compared
with the above described experiments involving full-length
proteins: HYL1-R2 and HEN1-F were fused to LexA bind-
ing and activation domain, respectively. Neither HEN1-F
nor HYL1-R2 alone did auto-activate the reporter genes.
In conclusion, both GST pull-down and yeast two-hybrid
assays proved that the F domain of HEN1 and the R2 do-
main of HYL1 are both necessary and sufficient to mediate
interaction between the two proteins.
HEN1 binds the microprocessor complex component DCL1
but not SERRATE
To gain further insights into possible in vivo roles of HEN1,
we tested if HEN1 directly interacts with other plant mi-
croprocessor complex proteins, namely, SERRATE and
DCL1. The full-length and truncated SE-core (amino acids
194–543) variants of SERRATE were fused to the LexA
binding and activation domain, respectively, and examined
using yeast two-hybrid system. We found no detectable
HEN1-dependent reporter signal with any of the analyzed
proteins (Figure 6A). Furthermore, no co-purification of
the full-length HEN1 was detected in pull-down experi-
ments containing GST-SE-core (Figure 6B). Previous in
vitro pull-down studies have identified HYL1 as a binding
partner of the SE-core consisting of the two N-terminal
alpha-helices, the middle -helix dominant and the C-
terminal non-canonical C2H2 zinc-finger domains (6). As
expected, this shorter SERRATE isoform also showed in-
teraction with the full-length HYL1 in our two-hybrid as-
say thereby verifying its functionality in yeast cells (Fig-
ure 6A). Altogether these results convincingly demonstrate
Figure 6. Lack of detectable interactions between SERRATE and HEN1
methyltransferase. (A) Yeast two-hybrid analysis revealed no in-cell inter-
actions between HEN1 and SERRATE (SE). HYL1, a known SE-core-
interacting partner (6), was used as a positive control for yeast assay. (B)
GST pull-down experiment shows no interaction between central part of
SERRATE (SE-core) and full-length HEN1 proteins in vitro. Experiments
were carried out as depicted in Figure 4. Schematic representation of the
domains in SE is made according to Machida et al. (6). SE-core construct
is comprised of N-terminal (N), middle (Mid) and Zinc finger domains.
that SERRATE does not directly interact with the HEN1
methyltransferase and at the same time confirm the previ-
ously reported interaction between SE-core and HYL1.
The ribonuclease III-type enzyme DCL1, the principal
player of miRNA biogenesis in plants, promotes differ-
ent steps of miRNA maturation. DCL1 Helicase and PAZ
domains interact with other proteins involved in miRNA
biogenesis––SERRATE (6), DDL (29) and NOT2 (30),
while its DUF283 and R1R2 domains specifically bind
HYL1 (31,32). We thus prepared the three domains, He-
licase, DUF283 and R1R2, as separate truncation pro-
teins and examined their interactions with HEN1 using
the yeast two-hybrid system. Data presented in Figure 7A
show that at least two of them, the Helicase and the tan-
dem of dsRBDs, R1R2, contribute to methyltransferase
binding. Remarkably, we detected no HEN1 binding in
the case of the DCL1-DUF283 domain, which was shown
to be essential for HYL1 binding (31). To further con-
firm the observed interaction pattern we performed sim-
ilar pull-down assays as shown in Figure 7B. We found
that HEN1 co-purified with GST-DCL1-Helicase, GST-
DCL1-PAZ and GST-DCL1-R1R2, although the DCL1-
R1R2 fragment pulled down more methyltransferase than
either DCL1-Helicase or DCL1-PAZ domains. HEN1 was
not detected upon incubation with GST-DCL1-DUF283
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Figure 7. Interaction of HEN1 with individual domains of DICER-LIKE 1 (DCL1). (A) Yeast two-hybrid analysis of the interaction between HEN1 and
DCL1 domains. Abbreviations of domains are as follows: NLS: nuclear localization signal, Helicase: DExD/H-box RNA helicase, DUF283: domain of
unknown function 283, PAZ: Piwi/Argonaute/Zwille domain, RNase III: ribonuclease III, R1, R2: dsRNA-binding domains. Interactions between SE-
core withHelicase andHYL1withDUF283 or R1R2 domains of DCL1 served as positive controls (5,6,31). (B) Detection of the interaction betweenDCL1
domains and HEN1 using GST pull-down. GST-Helicase, GST-DUF283, GST-PAZ and GST-R1R2 denote GST-DCL1-Helicase, GST-DCL1-DUF283,
GST-DCL1-PAZ and GST-DCL1-R1R2, respectively. Experiments were carried out as described in Figure 4.
Figure 8. HEN1 interaction network and the proposed model of late
stages of miRNA biogenesis. (A) Protein–protein interaction network in-
volving SE, HYL1, DCL1 and HEN1. Cyan lines show interactions ex-
perimentally determined in this work, purple and black lines depict those
reported previously (6,31,32). (B) Proposed model of miRNA biogenesis
envisions that after themiRNA/miRNA*duplex is cut out of its precursor,
SE is expelled andHEN1methyltransferase is bound in themicroprocessor
complex to form a HYL1•HEN1•DCL1 complex, which might represent
the still unidentified plant RISC-loading complex (RLC) anticipated by
Eamens et al. (20). We hypothesize that this complex could direct HEN1
methylation (red circle) to the target miRNA strand (black) thus labeling
it for incorporation into AGO1 complex.
or GST proteins, although the GST signal was detected in
samples. Due to previously reported poor solubility of pro-
tein fragment containing the DCL1 ribonuclease domain
(6), this domain has not been selected for analysis. In con-
trast to HYL1, the HEN1 mutation VLV543–544,550AAA
did not reduce binding of DCL1 to HEN1 suggesting that
these amino acids are not essential for direct contacts be-
tween DCL1 domains and HEN1.
DISCUSSION
The molecular basis of double-stranded microRNA recogni-
tion by HEN1
The elongated N-terminal part upstream of the catalytic
domain, which folds into four domains, distinguishes the
plant small RNA 2′-O-methyltransferase HEN1 from bac-
terial, protozoan or animal homologues (23,33). In this
study, we found that the dsRBDs, R1 and R2 of HEN1,
considerably but unequally contribute to the binding of ma-
ture miRNA/miRNA* duplexes to the protein. The site-
specific mutagenesis of lysine residues K69 and K70 in the
R1 domain completely abolished formation of detectable
HEN1•RNA complex. By contrast, the R2 domain is not
so strictly required for RNA recognition since changes of
three amino acids (RHK389,397,477AAA) important for
substrate recognition lead to 200–600-fold decreased (but
detectable in PAA gels) association with the substrate (Ta-
ble 1). It is noteworthy that the binding affinities of the
RHK389,397,477AAAmutant were similarly reduced with
respect to miRNA/miRNA* and siRNA/siRNA*, both in
binary and in ternary complexes. This result is in conflict
with the previous hypothesis that the R2 domain favors
binding of miRNA/miRNA*-type small RNAs duplexes
containing mispairs and bulges (23). Rather, the R2 domain
is important for the stabilization of methyltransferase com-
plexes with RNA since the mutant releases unmethylated
substrate faster than thewild-type protein (Table 2).We pre-
sume that R2 together with the catalytic domain M stabi-
lizes the HEN1•RNA complex and preserves its integrity
after the methylation reaction, such that the methylated
RNA remains in assembly with the other proteins, HYL1
and DCL1 (see below).
Interplay of HEN1 with other microRNAs biogenesis pro-
teins
Plant endogenous small RNAs, such as miRNAs, ta-
siRNAs, nat-siRNA, hc-siRNA, ra-siRNA, lsiRNAand ex-
ogenous small RNAs are 2′-O-methylated at their 3′-ends
(34). Hence, HEN1 is an essential constituent in biogenesis
of all the classes of small RNAs. However, the interactions
of themethyltransferase with other proteins participating in
small RNAs biogenesis remained obscure even for the best
studied miRNA maturation pathway. The microprocessor
complex comprising DCL1, HYL1 and SERRATE pro-
cesses pri-miRNAs to mature miRNA/miRNA* duplexes
in nuclear dicing bodies (D-bodies) (10,32). We found that
HEN1, the protein modifying miRNA/miRNA*, interacts
with the microprocessor constituents, DCL1 and HYL1,
 at M






10 Nucleic Acids Research, 2015
but does not bind the SERRATE protein. Remarkably, the
functional evaluation of domain–domain interactions re-
vealed that both HEN1 and SERRATE physically bind
to identical regions of DCL1 (Helicase, PAZ and R1R2)
and HYL1 (R2) (Figure 8A). This finding implies that
HEN1 can assemble the particular DCL1•HYL1 complex
only when SERRATE is released from the microprocessor
complex and disengages its interaction sites on DCL1 and
HYL1. Based on collective results, we propose a model in
which, following excision of miRNA/miRNA* from pri-
mary RNA by the microprocessor, the HEN1 methyltrans-
ferase takes over the place of the SERRATE protein, which
leaves the complex (Figure 8B). Then the RNA duplex is
methylated and presumably the new complex selectively
loads the guide strand of thematuremiRNA/miRNA* into
the RISC complex. This model is supported by the observa-
tions obtained by other groups: (i) there is no evidence of SE
activity in processes following mature miRNA/miRNA*
formation. In contrast, the precise selection of the guide
strand in RISC, the process following miRNA/miRNA*
methylation, is impaired in the absence of HYL1 (10,20);
(ii) the studies in animal systems have shown that the asso-
ciation of the Dicer ribonuclease with the specific dsRNA-
binding proteins, TRBP in human or R2D2 in flies, is re-
quired for the recruitment of Argonaute to the small RNAs;
this suggests a role of Dicer•dsRNA-binding protein het-
erodimer not only in small RNA processing but also as a
platform for RISC assembly (35–37). By analogy, the small
RNA duplexes may be assisted by supporting proteins to
be effectively recruited to Argonaute in plants. Direct inter-
action between cellular HYL1 and AGO1 displayed by bi-
molecular fluorescence complementation in living plants is
consistent with this assumption (7). Whereas HYL1 forms
short-lived complexes with RNA at least in vitro (Sup-
plementary Figure S4C), it is very likely that DCL1 and
HEN1 either jointly or individually aid the retention of the
miRNA/miRNA* duplex in the complex.
To date it is not clear if the small RNAmethyltransferase
modifies both strands or only one particular strand of the
mature miRNA/miRNA* duplex in a plant cell. Although
HEN1 can methylate each strand in a non-processive man-
ner in vitro (22), we suppose that in vivo the HYL1•DCL1
complex sterically orientates HEN1 and thereby predeter-
mines which strand will be modified. The 3′-end of the pas-
senger strand most probably is shielded from methylation
and consequently remains intact. Normally only methy-
lated microRNAs are involved in the specific Arabidopsis
RISC complexes (11), whereas unmethylated strands un-
dergo uridylation and degradation by miRNA nucleotidyl
transferase HESO1 (16,38).We speculate that HEN1marks
the correct guide strand of miRNA/miRNA* duplex by
methylation whereas HESO1 performs ‘quality control’ of
the small RNA in RISC to ensure that it carries an attached
methyl group. Alternatively, the methylation pattern could
determine which strand will be removed during RISC mat-
uration, however, further studies will have to address this
intriguing possibility.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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